, a mitochondrial chaperone protein, have altered cardiac metabolism. As acetylation has been shown to regulate metabolism, we tested whether changes in protein acetylation might play a role in these metabolic changes in CypD -/-hearts.
INTRODUCTION
Cyclophilin D (CypD) is a peptidyl prolyl cis-trans-isomerase, which functions as a mitochondrial protein chaperone and is therefore likely to have multiple targets. CypD is also known to be an activator of the mitochondrial permeability transition pore (mPTP). The mPTP is a non-selective pore in the inner mitochondrial membrane that is opened by high matrix calcium and/or reactive oxygen species (ROS) [1] [2] [3] . Sustained opening of the mPTP results in loss of membrane potential, uncoupling of oxidative phosphorylation, matrix swelling, ATP depletion, and increased production of reactive oxygen species, ultimately leading to cell death. The mPTP plays a critical role in mediating cell death during ischemia/reperfusion injury and inhibition of mPTP is proposed to be the end-effector of cardioprotective signaling cascades 4, 5 . In addition to sustained activation of the mPTP, which leads to cell death, the mPTP has been shown to open transiently. It has been proposed that transient opening of the mPTP can serve as a mitochondrial calcium release mechanism 1, 6 .
Loss or inhibition of CypD has been shown to lead to an increase in mitochondrial calcium, which results in activation of mitochondrial NADH dehydrogenases such as pyruvate dehydrogenase and alterations in the ratio of carbohydrate to fatty acid oxidation 6 . Using both proteomic and metabolomic approaches, we previously found that mitochondria from CypD -/-hearts have alterations in pyruvate and branched chain amino acid metabolism, as well as changes in levels of mitochondrial histone proteins 7 . Because acetylation has been shown to regulate mitochondrial metabolism, we consider that the metabolic changes observed with loss of CypD might be due to alterations in the mitochondrial acetylome. Protein acetylation is a reversible post-translational modification (PTM), which adds an acetyl moiety to the epsilon-amino group of lysine residues [8] [9] [10] [11] . Protein acetylation has been shown to play a key role in histone modifications and is well known to influence changes in gene expression 12 , but much less is known about its role in nonnuclear protein acetylation and cellular regulation. In particular, emerging data indicate that many proteins within the mitochondria are reversibly acetylated 13, 14 . The acetylation of many metabolic enzymes has been shown in liver and yeast, but there is little comprehensive data in heart. We therefore examined the effect of loss of CypD on cardiac mitochondrial protein acetylation. In the present study, we found that loss of CypD resulted in an increase in acetylation of many mitochondrial proteins in a profile consistent with cardiac metabolic remodeling in CypD -/-mice.
Western blot.
Equivalent amounts of protein (20-40 g) from each sample were separated on NuPAGE 4-12% Bis-Tris gels (Invitrogen, Carlsbad, CA) and transferred to nitrocellulose membranes. Gel transfer efficiency and equal loading were verified using reversible Ponceau S staining. The resulting blots were probed with anti-acetylated lysine antibody (Cell Signaling, Danvers, MA), anti-GCN5L1, anti-SIRT3, anti-VDAC-1 (Santa Cruz Biotechnology), anti F 1 Fo ATP synthase  subunit, or anti Cyclophilin D antibody (Mitosciences, Eugene, Oregon).
Affinity purification of lysine-acetylated peptides for mass spectrometry. Isolated mitochondrial pellets (1 mg) were subjected to immunoprecipitation as previously described 13 to identify lysine-acetylated peptides by mass spectrometry. The LCMS data were searched against the Swiss Prot database, taxonomy Musculus (mouse) using Mascot server (Matrix Science, London, UK; version 2.3). Relative quantification of acetylated peptides were performed using QUOIL (QUantification withOut Isotope Labeling), an in-house software program designed as a label-free approach to peptide quantification by LC-MS/MS 17 .
SIRT3 activity.
Mitochondria were isolated from WT and CypD -/-mouse hearts. SIRT3 activity was measured using SIRT3 Direct Fluorescent Screening Assay Kit (Cayman Chemical, Ann Arbor, MI) in the presence and absence of nicotinamide (NAM).
Langendorff heart perfusion and protocol.
Mouse hearts were subjected to Langendorff perfusion as previously described 18 .
Myocyte isolation.
Adult mouse ventricular myocytes were isolated by collagenase digestion as described previously 19 and attached to matrigel-coated coverslips for 30 min in a 5% CO2 incubator at 37˚C in medium 199 supplemented with 5 mmol/L creatine, 2 mmol/L L-carnitine, 5 mmol/L taurine, 2.5 mmol/L sodium pyruvate, 26 mmol/L NaHCO3, 100 U/mL penicillin, and 100 g/mL streptomycin.
Mitochondrial NADH measurement.
Myocytes were mounted on the stage of a fluorescence microscope (Nikon Diaphot) with a 20× objective and superfused with Tyrode's solution (25˚C) containing (mmol/L): 140 NaCl, 4 KCl, 1 MgCl2, 5 HEPES, and 10 D-glucose (pH 7.4). The endogenouse mitochondrial NADH autofluorescence was excited at  exc = 340 nm (band pass filter) and its emission recorded at  em = 415 nm (long pass filter) into a QuantEM 512 SC electron-multiplying charge-coupled device (CCD) camera (Photometrics, Tucson, AZ). NADH levels were expressed as a percent of the reduced NADH/NAD+ pool, which was calibrated by applying 4 mmol/L NaCN (100%) and 5 mol/L carbonyl cyanide 3-chlorophenyl hydrazone (CCCP) (0%) for each experiment.
Mitochondrial swelling and calcium retention capacity assays.
Mitochondrial permeability transition pore opening in isolated heart mitochondria from WT and CypD -/-mouse hearts was assessed using the calcium retention capacity (CRC) and Ca 2+ -induced swelling assays. CRC was assessed using 10 M fluorescent Ca 2+ indicator Calcium Green-5N (Molecular Probes, Eugene, OR) with the addition of 10 M Ca 2+ pulses to induce mPTP opening. Ca 2+ -induced swelling assay was measured spectrophotometrically as a decrease in absorbance at 540 nm after pore opening that was induced by 250 M of CaCl 2 . Both assays were assessed in the presence and absence of 200 nM cyclosporine A (CsA), a known CypD and mPTP inhibitor.
Trifunctional protein enzyme alpha subunit activity measurements.
The activity of the L-3-hydroxyacyl-CoA dehydrogenase (LCHAD) was measured in isolated mitochondria from WT and CypD mouse hearts. After mitochondria isolation, the pellet was suspended in 25 mmol/L potassium phosphate, 50 mmole/L MOPS, 0.2 mmol/L EDTA, pH 8.0. The mitochondria suspensions were freeze-thawed 3X and sonicated on ice for 3X10s with a 1-min interval in between. Triton X-100 was then added to the suspensions to give a Triton X-100 to protein ratio of 1:1. After incubation on ice for 30 min, the extracted were centrifuged at 11600g for 10 min. Enzyme activities were then measured in the supernatant at 37 o C in the presence of 100 mole/L NADH and 100 mole/L acetoacetyl CoA. The LCHAD activity was calculated as the rate of NADH oxidized per min/mg protein.
Statistical analysis.
All data were expressed as mean + standard error. The student's 2-sample t-test or one-way ANOVA with Bonferroni's post hoc analyses were used for comparison of differences between groups and a p-value ≤ 0.05 was considered to be significant.
RESULTS

Alterations in the mitochondrial acetylation profile following loss of CypD.
We previously found that CypD -/-hearts have increased pyruvate dehydrogenase (PDH) activity and a reduction in fatty acid oxidation relative to glucose oxidation 6 . We also found changes in branched-chain amino acid metabolism in CypD -/-hearts 7 . As mitochondrial acetylation has emerged as a key regulator of mitochondrial fatty acid and branched-chain amino acid metabolisms, we tested whether CypD -/-hearts might have altered mitochondrial acetylation. Acetylation/deacetylation of protein lysine residues has emerged as an important PTM for dynamic regulation of many proteins [8] [9] [10] [11] . We initially examined changes in lysine-acetylated proteins following the ablation of CypD. As shown in Figure 1 (A-B) , Western blot analysis shows that acetylation levels were increased by 45% + 12% in CypD -/-mitochondria.
The acetylome has been compiled for yeast, mouse, and rat liver, but the cardiac mitochondrial acetylome has not been well-defined. We therefore decided to define the cardiac mitochondrial acetylome including sites of acetylation at baseline in WT hearts. We accomplished this by subjecting tryptic digests of isolated cardiac mitochondria from WT mice to immunoprecipitation using anti-acetyl lysine antibody coupled to agarose beads followed by mass spectrometry. In WT mitochondria, we found 198 acetylated proteins (with 864 peptides) at baseline ( Figure 2A and Online Table I, n=3 biological replicates). As reported in Online Table I , 57 of these proteins were from the electron transport complexes I to V (258 acetylated peptides). More than 50% of the electron transport complexes were found to be acetylated at baseline. We also found that all of the TCA cycle proteins as well as a large number of enzyme involved in fatty acid oxidation were acetylated. We also found 11 mitochondrial carrier proteins acetylated, including regulators (CCDC90A and B) of the recently described mitochondrial Ca 2+ uniporter (MCU) 20 , and mitochondrial pyruvate carrier 2 (Brain protein 44). Of interest, we found CypD is acetylated consistent with previous data 21 . Thus, most of the enzymes involved in cardiac mitochondrial metabolism and bioenergetics are acetylated at baseline.
As shown in Figure 1A , there is an increase in global acetylation in mitochondria isolated from mice lacking CypD. We therefore compared the acetylome of WT mitochondria to that of CypD -/-. We manually inspected all the spectra of identified acetylated peptides using Scaffold PTM software in conjunction with the Proteome Discover software. As shown in Figure 2A , in the CypD -/-mitochondria we identified 955 acetylated peptides (from 219 proteins) with 875 acetylated peptides common between WT and CypD -/-samples (see Online Table II for a complete list of acetylated proteins and peptides). Using the criteria defined in the legend of Figure 2A , we found 45 peptides that were only acetylated in WT (Online Table III ), and 35 peptides that were acetylated only in the CypD -/-mitochondria (Online Table IV ). We concentrated our analysis on the 875 acetylated peptides that were detected in both WT and CypD -/-samples. A label-free analysis program for relative quantification of the common acetylated peptides between WT and CypD -/-samples was used and representative ion chromatographs are shown ( Figure 2B , C, and D). We found 11 peptides (from 10 proteins) decreased in CypD -/-mitochondria by at least 20% or greater with a p <0.05 (Table 2) . Using similar criteria, we found 96 peptides from 48 proteins that showed an increase acetylation in the CypD -/-mitochondria (Online Table V) . We confirmed the increase in acetylation of several proteins by subsequent immunoprecipitation of acetylated proteins followed by immunoblot analysis with antibodies recognizing GRP75, F 1 Fo ATP synthase alpha subunit, and pyruvate dehydrogenase E1 component alpha subunit ( Figure 1C) . The increase or decrease in acetylation noted in Figure 2A could be due to a change in protein level in the CypD -/-hearts. In a previous study, we examined changes in protein levels in CypD -/-hearts 7 . We compared the changes in protein levels in CypD -/-heart to changes in acetylation. Two of the 10 proteins (VDAC3 and DHSA) that showed a decrease in acetylation ( Table 2 ) had reduced expression levels in the CypD -/-hearts. Thus, the decrease in acetylation in these proteins is likely due to decreased protein level. Of the 48 proteins that showed an increase in acetylation (Online Table V) , only 3 proteins (PRDX5, ODPA and NDUA5) showed an elevated protein level. Therefore, the increase in protein acetylation for the vast majority of proteins cannot be attributed to an increase in protein expression. A change in acetylation has also been suggested to alter protein stability. Only 3 proteins increased in both acetylation and protein levels (PRDX5, ODPA and NDUA5), and these proteins are potential candidates whereby acetylation may increase their stability 22 . Of the 30 proteins that showed a decrease in protein level in CypD -/-hearts, only 2 showed an increase in acetylation (M2OM and NDUV1). Thus acetylation does not appear to have a dramatic effect on protein expression in the adult myocardium.
Although acetylation does not have a large impact on protein stability, it could have a major impact on enzyme activity and metabolism. The reduction in fatty acid oxidation observed previously in the CypD -/-hearts 6 is entirely consistent with the changes in acetylation observed in the CypD -/-hearts. Increased acetylation has been shown previously to inhibit fatty acid oxidation 23, 24 . Consistent with the reduction in fatty acid oxidation in the CypD -/-hearts, we saw an increase in the acetylation of key enzymes involved in fatty acid oxidation. We found an increase in acetylation in both subunits of trifunctional enzyme (ECHA and ECHB), long-chain specific acyl-CoA dehydrogenase (ACADL), 2,4-dienoyl-CoA reductase (DECR), 3-ketoacyl-CoA thiolase (THIM), and enoyl-CoA delta isomerase 1 (ECI1). To test the functional effect of acetylation on enzyme activity, we measured the L-3-hydroxyacylCoA dehydrogenase (LCHAD) activity of the trifunctional protein (TFP) alpha subunit, an enzyme involved in fatty acid oxidation, which showed an increase in acetylation in the CypD -/-mitochondria. We found that the LCHAD activity was inhibited by approximately 50% in the CypD-/-mitochondria as compared to the WT mitochondria ( Figure 3 ). To further evaluate whether an increase in acetylation results in a decrease in the LCHAD activity, we preincubated the WT sonicated mitochondria with 100 M acetyl-CoA (confirming an increase in acetylation of LCHAD by Western blot analysis). Consistent with the hypothesis, with the acetyl CoA treatment, the LCHAD activity was inhibited similarly to the CypD -/-group. To identify the pathways affected by the increase in protein acetylation in the CypD -/-hearts, we performed pathway analysis using Ingenuity software. The acetylated peptides comprise pathways involved in oxidative phosphorylation, mitochondrial dysfunction, butanoate metabolism, pyruvate metabolism, and branched chain amino acid metabolism (Online Figure I ).
We examined the mechanisms responsible for changes in the mitochondrial acetylome in the CypD -/-mice. A recent study has shown, in an in vitro assay, that increasing NADH while NAD + is held constant leads to a significant decrease in SIRT3 activity 25 . As the NADH/NAD + ratio can change during isolation of mitochondria, we measured the endogenous NADH fluorescence in WT and CypD -/-cardiomyocytes ( Figure 3A ). Baseline NADH levels were increased by ~80% in CypD -/-hearts relative to WT (29.44 ± 2.63 vs. 16.20 ± 2.86 % of fully-reduced NADH) ( Figure 4A ). Western blot analysis showed no difference in either the mitochondrial acetyl transferase, GCN5L1 ( Figure 4B ) or deacetylases, SIRT3 ( Figure 4C ), SIRT4 ( Figure 4D ) or SIRT5 ( Figure 4E ) between WT and CypD -/-mitochondria, which would support a primary role for an increase in NADH in the increase in acetylation. Finally, there was no difference in SIRT3 activity between WT and CypD -/-mitochondria ( Figure 3F ) measured under conditions where the NAD and NADH were fixed in the assay.
To gain additional insight into the mechanism by which loss of CypD leads to an increase in acetylation, we determined whether the peptides acetylated in CypD -/-hearts were SIRT3 substrates. To accomplish this, we compared the peptides showing an increase in acetylation following ablation of SIRT3 to the list of acetylated peptides increased in hearts lacking CypD. We found 151 peptides that exhibited an increase in acetylation in SIRT3 -/-hearts compared to WT littermates; we defined these peptides as potential SIRT3 substrates (Online Table VI ). Of interest, CypD itself is a SIRT3 substrate. If we compare these 151 peptides to the 96 peptide that exhibited an increase in acetylation in the CypD -/-hearts, we found only 19 common peptides that are potential SIRT3 substrates (Online Table V , bolded).
CypD
-/-hearts have reduced I/R injury 4 , and this raises the question as to whether the increase in mitochondrial acetylation plays a role in cardioprotection. Mitochondria isolated from CypD -/-mice have been shown to be more resistant to mPTP opening than WT mice 4 . To address whether an increase in mitochondrial acetylation reduces mPTP opening, we used SIRT3 -/-mice. These mice have been shown (and we confirmed) to have increased protein acetylation 26 . Consistent with previous studies 27 , we found no difference in mPTP opening between the WT and SIRT3 -/-mitochondria isolated from 3 month old mice ( Figure 5 ). The mPTP opening was sensitive to CsA, a known mPTP inhibitor. These data suggest that an increase in mitochondrial acetylation per se is not sufficient to alter mPTP.
DISCUSSION
A number of studies have shown that acetylation regulates metabolic enzymes by multiple mechanisms, including enzymatic activation 10 , inhibition 28 , or protein stability 22 . A recent proteomics study by Kim et al. revealed that over 20% of liver mitochondrial proteins and enzymes are acetylated and that changes occur in acetylation status in response to acute fasting 13 . Previous studies have identified several acetylated proteins in cardiac mitochondria 29 ; however, this is the first study to evaluate large scale acetylation in cardiac mitochondria. In this study, we identified over 200 cardiac mitochondrial proteins that are acetylated under basal conditions. We found that more than 50% of the electron transport complex proteins are acetylated at baseline. We also found baseline acetylation of TCA and fatty oxidation enzymes.
This study demonstrates that loss of CypD results in an increase in acetylation. We found an increase in acetylation of many enzymes involved in fatty acid oxidation, and previous studies have reported that increased acetylation of specific fatty acid oxidation enzymes leads to their inhibition 23, 24 . We provide new data showing that acetylation of LCHAD results in its inhibition.
What is the mechanism responsible for the increase in acetylation in the CypD -/-hearts? Reversible lysine acetylation is regulated by opposing activities of protein acetyltransferases and deacetylases. We found no increase in the protein level of the recently described mitochondrial acetyltransferase (GCN5L1) 30 . We also found no change in the levels of the three mitochondrial deacytylases, SIRT3, SIRT4 and SIRT5. We also found no change in activity of SIRT3. The data are most consistent with the hypothesis that loss of CypD leads to an increase in NADH/NAD + resulting in inhibition of deacetylase (s) and an increase in protein acetylation (Online Figure II) . Previous studies have suggested that a change in the NADH/NAD + ratio can alter the activity of sirtuins 25, [31] [32] [33] . A change in NADH/NAD + would not carryover in an assay of SIRT from mitochondria, in which the NAD + /NADH level is set as part of the assay. It is likely that this increase in NADH/NAD + activates all mitochondrial sirtuins. This would be consistent with our data showing that CypD -/-hearts exhibited acetylation of many proteins that are not SIRT3 dependent substrates, as determined either in this study (Online Table V) or previous studies [34] [35] [36] [37] . The current consensus (mostly obtained from data in liver) is that SIRT3 is the primary mitochondrial deacetylase 26 . SIRT4 and SIRT5 have been shown to exhibit ADP-ribosyltransferase and deacetylase activity, respectively 26 . However, there are data suggesting that SIRT4 38 and SIRT5 25 can also contribute to mitochondrial deacetylation.
It is well established that CypD -/-mitochondria have a decreased susceptibility to mPTP opening. As suggested in online Figure II , we propose that inhibition of transient opening of the mPTP leads to the increase in Ca 2+ , increased PDH activity, and ultimately, the increase in acetylation. The increase in acetylation per se does not appear to alter mPTP, although acetylation of a specific protein could be involved in regulation. Sinclair et al. reported that mitochondria from SIRT3 -/-hearts have an increase in mPTP when measured at 18 months of age, but not at 3 or 6 months of age. They attributed the increase in mPTP at 18 months to an increase in acetylation of CypD 27 . In SIRT3 -/-heart mitochondria, we find a general increase in acetylation and a specific increase in the acetylation of CypD at 3 months of age, but we find no change in mPTP, which is consistent with the study of Sinclair's group 27 . The increase in mPTP observed at 18 months in the SIRT3 -/-hearts could be due to metabolic changes that are known to occur in these mice rather than a direct effect of acetylation.
In summary, this study provides insights into changes in the cardiac mitochondrial acetylome occurring with loss of CypD and loss of SIRT3. Loss of CypD leads to an increase in protein acetylation which could account for the metabolic changes previously reported in these mice 6 .
FIGURE LEGENDS Figure 1 . Increase in acetylation in isolated CypD -/-mitochondria. A) WT and CypD -/-mouse hearts were perfused for 5 min and mitochondria were isolated as described in the Methods section. Samples were analyzed by Western blot analysis using anti-acetylated lysine, anti-F 1 Fo ATP synthase -subunit (as a loading control), and anti-Cyclophilin D. B) mean densitometry data from 3 individual experiments. C) Mitochondria from WT and CypD-/-mouse hearts were subjected to immunoprecipitation using antiacetyl lysine antibody followed by Western blot using anti-GRP75, anti-F 1 Fo ATP synthase subunit A (ATPA), anti-pyruvate dehydrogenase E1 component subunit alpha (ODPA) antibodies. The input bands reflect the protein level in the homogenate prior to IP and show no significant change in protein expression of GRP75, ATPA, or ODPA between wild-type and CypD -/-hearts.* p<0.05 compared with WT. Figure 2 . Mitochondrial acetylation following ablation of CypD. A) acetylated peptides were identified using mass spectrometry as discussed in the Methods section. We manually inspected all the spectraof identified acetylated peptides using Scaffold PTM software in conjunction with the Proteome Discover software. This experiment was performed with 3 biological replicates in each group. To be considered as a common peptide or protein present, it must be present in at least 2 out of 3 replicates in one group and at least 1 out of 3 replicates in the other group (e.g., a peptide is present in 2 out of 3 WT samples, and in 1 out of 3 CypD -/-samples). To be included in the WT only group, a peptide/protein must be present in 2 out of 3 replicates in the WT samples and not present in any of the CypD -/-. To be included in the CypD -/-only group, a peptide/protein must be present in 2 out of 3 replicates in the CypD -/-mitochondria. Mitochondria were isolated from WT and SIRT3 -/-mouse hearts. Mitochondrial permeability transition pore opening in isolated heart mitochondria from WT and SIRT3 -/-mouse hearts was assessed using the calcium retention capacity assay (CRC) (Panel A) and Ca 2+ -induced swelling assay (Panel B). CRC was assessed using 10 M fluorescent Ca 2+ indicator Calcium Green-5N (Molecular Probes, Eugene, OR) with the addition of Ca 2+ pulses to induce mPTP opening in the presence and absence of 200 nM cyclosporine A (CsA), a known mPTP inhibitor. * p<0.05 compared with CsA in each group. List of electron transport chain complexes from common acetylated proteins in WTs were identified by LC-MS/MS. Accession numbers and Protein ID are from the SWISSPROT/Uniprot database. Relative quantification of acetylated peptides were performed using QUOIL (QUantification withOut Isotope Labeling), an in-house software program designed as a label-free approach to peptide quantification by LC-MS/MS. The following criteria were used to determine the effect of chronic or acute inhibition of CypD on acetylated peptides: at least greater than 20% change and p <0.05 vs. WT samples. Accession numbers are from the SWISSPROT/Uniprot database. The acetylated lysine residue is in bold and italicized. SE, standard error; p, p-value. Relative quantification of acetylated peptides were performed using QUOIL (QUantification withOut Isotope Labeling), an in-house software program designed as a label-free approach to peptide quantification by LC-MS/MS. The following criteria were used to determine the effect of ablation of CypD on acetylated peptides: at least greater than 20% change and p <0.05 vs. WT samples. Accession numbers are from the SWISSPROT/Uniprot database.
NOVELTY AND SIGNIFICANCE
What Is Known?
 Loss of Cyclophilin D (CypD) leads to a decrease in the ratio of fatty acid oxidation relative to glucose oxidation.
 Lysine acetylation has recently emerged as an important post-translational protein modification in the regulation of mitochondrial metabolism.
What New Information Does This Article Contribute?
 Identification of the cardiac mitochondrial acetylome.
 Loss of CypD results in changes to the cardiac mitochondrial acetylome, with the majority of proteins showing an increase in acetylation.
 Acetylation of the mitochondrial trifunctional protein subunit alpha leads to the inhibition of its activity.
We examined whether CypD regulates mitochondrial metabolism by modulating changes in protein acetylation. We used a mass spectrometry-based approach and identified acetylated proteins in cardiac mitochondria under baseline conditions. We then compared differences in protein acetylation profiles in heart mitochondria from WT mice and mice lacking CypD. We found a general increase in mitochondrial protein acetylation in CypD-null hearts including several protein targets involved in fatty acid oxidation. A further examination of one of these protein targets, trifunctional protein subunit alpha, showed that acetylation leads to the inhibition of enzyme activity. This study provides an important link between acetylation and mitochondrial function, and suggests that the mitochondrial acetylome represents a new layer of protein regulation mediating adaptive changes in mitochondrial metabolism. Mitochondria Isolation. Mitochondria were isolated by differential centrifugation according to standard procedures 1 . Hearts were minced in mitochondrial isotonic buffer consisting of (in mmol/L): 225 mannitol, 75 sucrose, 5 MOPS, 0.5 EGTA, and 2 taurine (pH 7.25) plus 5 nicotinamide + 0.001 Trichostatin A (TsA) (Buffer B), and homogenized by Polytron. To digest the contractile proteins, trypsin (0.001 g/0.1 g wet tissue) in Buffer B was added to the homogenate for 5 min on ice. Digestion was stopped by addition of phosphatase and protease inhibitors (PPI). The homogenate was centrifuged at 500 g and the resulting supernatant was spun at 11,000 g to pellet the mitochondria. The final mitochondrial pellet was resuspended in Buffer B with PPI.
Western blot. Equivalent amounts of protein (20-40 g) from each sample were separated on NuPAGE 4-12% Bis-Tris gels (Invitrogen, Carlsbad, CA) and transferred to nitrocellulose membranes. Gel transfer efficiency and equal loading were verified using reversible Ponceau S staining. The resulting blots were probed with anti-acetylated lysine antibody (Cell Signaling, Danvers, MA), anti-GCN5L1, anti-SIRT3, anti GRP75, anti-VDAC-1 (Santa Cruz Biotechnology), anti-pyruvate dehydrogenase E1 component subunit alpha (ODPA), anti F 1 Fo ATP synthase  subunit, or Cyclophilin D antibody (Mitosciences, Eugene, Oregon). Briefly, the digested crude peptides were incubated with anti-acetyl lysine-coupled agarose beads overnight at 4 o C with gentle shaking. The beads were washed 3X with 1 ml of NETN buffer then 2X with ETN buffer (in mmol/L:50 Tris-HCl [pH 8.0], 100 NaCl, 1 EDTA). The bound acetylated peptides were eluted from the beads by washing 3X with 0.1% TFA. The eluates were combined and dried completely. The samples were analyzed on an LTQ Orbitrap Velos (Thermo Fisher Scientific, San Jose, CA) coupled with an Eksigent nanoLC-Ultra 1D plus system (Dublin, CA). Peptides were separated on a PicoFrit analytical column (100mm long, ID 75 µm, tip ID 10 µm, packed with BetaBasic 5 µm 300 Å particles, New Objective, Woburn, MA) using a 160-min linear gradient of 5-35% ACN in 0.1% FA at a flow rate of 250 nL/min. Mass analysis was carried out in data-dependent analysis mode, where MS1 scanned full MS mass range from m/z 300 to 2000 at 30,000 mass resolution and 10 CID MS2 scans were sequentially carried out in the Orbitrap and the ion trap, respectively.
The LCMS data were searched against the Swiss Prot database, taxonomy Mus (mouse) using Mascot server (Matrix Science, London, UK; version 2.3). Searching parameters were set as follow: precursor mass tolerance at 20 ppm, fragment ion mass tolerance at 0.8 Da, trypsin enzyme with 4 miscleavages, methyl carbamidomethylation of cysteine as fixed modification, and deamidation of asparagine and glutamine, oxidation of methionine, and acetylation of lysine as variable modifications. Peptides were filtered with 0.01 false discovery rate (FDR). Relative quantification of acetylated peptides were performed using QUOIL (QUantification withOut Isotope Labeling), an in-house software program designed as a label-free approach to peptide quantification by LC-MS/MS 2 .
Langendorff heart perfusion protocol. Mice were anesthetized with an intraperitoneal injection of 0.10 cc pentobarbital sodium diluted 1:5 in perfusate. The abdominal cavity was exposed with a transverse incision and 0.05 cc heparin was administered to the inferior vena cava. The heart was quickly isolated and placed in ice-cold Krebs-Heinseleit (KH) buffer (in mmol/L: 25 NaHCO3, 120 NaCl, 11 glucose, 4.7 KCl, 1.2 KH2PO4, 1.2 MgSO4, and 1.75 CaCl2) to arrest the heart. The aorta was cannulated on a Langendorff apparatus and the heart was perfused in retrograde fashion with KH buffer at a constant pressure of 100 cm of water at 37 o C. All hearts were perfused with KH buffer gassed with 95% O 2 and 5% CO 2 .
Myocyte Isolation. Adult mouse ventricular cardiomyocytes were isolated by a modified perfusion method as previously described 3 . Briefly, hearts were excised from mice anesthetized with sodium pentobarbital. Using a Langendorff apparatus, hearts were perfused with Ca 2+ -free Tyrode's buffer (mmol/L): 140 NaCl, 4 KCl, 1 MgCl 2 , 5 HEPES, pH 7.4, 10 D-glucose, bubbled with 100% O 2 for 5 min at 37oC. Perfusion was then switched to the Tyrode's buffer containing 0.1 mmol/L CaCl 2 and Liberase Blendzyme 2 (Roche Diagnostics, Cat#11988425001). Hearts were digested until the flow rate increased to 1.5 fold. After perfusion/digestion, the ventricular tissue was minced, gently triturated and incubated in 5 ml of same digestion buffer for 3 min at 37 o C; the dissociated myocytes were transferred into an equal volume of the Tyrode's buffer containing 0.2 mmol/L CaCl 2 and 10 mg/ml bovine serum albumin (Sigma, Cat#A6003) to stop the digestion. This process was repeated three times. After gradually increasing CaCl 2 to 1.2 mmol/L, the isolated cardiomyocytes were suspended into modified MEM buffer containing 100 U/ml penicillin-streptomycin. The cardiomyocytes were attached to matrigel-coated coverslips for 30 min in a 5% CO2 incubator at 37˚C in medium 199 supplemented with 5 mmol/L creatine, 2 mmol/L L-carnitine, 5 mmol/L taurine, 2.5 mmol/L sodium pyruvate, 26 mmol/L NaHCO3, 100 U/mL penicillin, and 100 g/mL streptomycin.
Mitochondrial NADH Measurement. Myocytes were mounted on the stage of a fluorescence microscope (Nikon Diaphot) with a 20× objective and superfused with Tyrode's solution (25˚C) containing (mmol/L): 140 NaCl, 4 KCl, 1 MgCl2, 5 HEPES, and 10 D-glucose (pH 7.4). The endogenouse mitochondrial NADH fluorescence was excited at  exc = 340 nm (band pass filter) and its emission recorded at  em = 415 nm (long pass filter) into a QuantEM 512 SC electron-multiplying chargecoupled device (CCD) camera (Photometrics, Tucson, AZ). NADH levels were expressed as a percent of the reduced NADH/NAD + pool, which was calibrated by applying 4 mmol/L NaCN (100%) and 5 mol/L carbonyl cyanide 3-chlorophenyl hydrazone (CCCP) (0%) for each experiment.
Mitochondrial swelling and calcium retention capacity assays. Mitochondrial permeability transition pore opening in isolated heart mitochondria from WT and CypD -/-mouse hearts was assessed using the calcium retention capacity assay (CRC) and Ca 2+ -induced swelling assay. Mitochondria were suspended in swelling buffer ( in mmol/L: 120 KCl, 10 Tris-HCl, 5 MOPS, 5 Na 2 HPO 4 , 10 glutamate, and 2 malate) in a total volume of 200 l for both assays. CRC was assessed using 10 mol/L fof the luorescent Ca 2+ indicator, Calcium Green-5N (Molecular Probes, Eugene, OR) with the addition of 10 mol/L Ca 2+ pulses to induce mPTP opening. Ca 2+ -induced swelling assay was measured spectrophotometrically as a decrease in absorbance at 540 nm after pore opening was induced by 250 mol/L of CaCl 2 . Both assays were assessed in the presence and absence of 200 nmol/L cyclosporine A (CsA), a known mPTP inhibitor.
Statistical Analysis. All data were expressed as mean + S.E. The student's 2-sample t-test or one-way ANOVA with Bonferroni's post hoc analyses were used for comparison of differences between groups and a p-value ≤ 0.05 was considered to be significant.
Online Table Legends
Online Table I . Profile of acetylated protein at baseline. Acetylated proteins were identified using mass spectrometry using Proteome Discover software. To be included, peptide(s) must be identified in at least two out of three biological replicate samples.
Online Table II . All acetylated peptide sequences identified via proteomic analysis that are present in the WT and CypD -/-mitochondria. All acetylated proteins were identified using mass spectrometry using Proteome Discover software in 3 biological replicates using the same criteria as specified in figure legend 2A. Potential SIRT3 substrates are bolded.
Online Table III . Acetylated peptide sequences identified via proteomic analysis that are identified only in the WT mitochondria. Peptides were identified using mass spectrometry using Proteome Discover software. A peptide must be present in 2 out of 3 replicates in the WT samples and not present in any of the KO in order to be included in the WT only group. Potential SIRT3 substrates are bolded. Accession numbers are from the SWISSPROT/Uniprot database.
Online Table IV . Acetylated peptide sequences identified via proteomic analysis that are identified only in the CypD -/-mitochondria. Peptides were identified using mass spectrometry using Proteome Discover software. A peptide must be present in 2 out of 3 replicates in the KO samples and not present in any of the WT in order to be considered in the KO only group. Potential SIRT3 substrates are bolded. Accession numbers are from the SWISSPROT/Uniprot database.
Online Table V . Acetylated peptide sequences identified via proteomic analysis that were increased in acetylation in the CypD -/-mitochondria. Relative quantification of acetylated peptides were performed using QUOIL (QUantification withOut Isotope Labeling), an in-house software program designed as a label-free approach to peptide quantification by LC-MS/MS. The following criteria were used to determine the effect of ablation of CypD on acetylated peptides: at least greater than 20% change and p <0.05 vs. WT samples. Potential SIRT3 substrates are bolded. Accession numbers are from the SWISSPROT/Uniprot database. SE, standard error; p, p-value.
Online Table VI 
